Sulfur is an essential element in plants and animals. I measured amounts of sulfur in 4 families of spiders and 22 families of insects collected from created riparian habitat next to the Colorado River in western Arizona. Relation between sulfur mass and body dry-mass, S μg = 7.2 (body mg), in spiders and insects combined was not allometric. Sulfur concentration, as a mean percentage of body dry-mass, was higher in spiders (1.4%) than in insects (0.65%). Coleoptera contained the lowest sulfur concentration (0.35%) among orders. Sulfur contents also varied among arthropod families but not genera. Similar concentrations of sulfur were measured in insect herbivores (0.64%) and predators (0.73%). Taurine, an amino acid-like compound found in spider venom and silk, likely increased sulfur contents in spiders. Variation in sulfur content among riparian spiders and insects, resulting from concentrations of compounds including taurine, the amino acids methionine and cysteine, and their metabolites, may influence foraging by insectivorous birds.
Sulfur (S) is a biologically-essential element that resides primarily in the earth's crust. In contrast to nitrogen (N), another essential element that mostly occurs in the atmosphere, S is taken up by plants primarily as sulfate from decomposed rock. Sulfur forms covalent bonds similar to oxygen, but differs from oxygen by being less electronegative. Biological compounds with S substituted for oxygen are more hydrophobic and more reactive at physiological pH. These properties are evident in 2 amino acids, methionine and cysteine, that contain S and are incorporated into proteins (Brosnan & Brosnan 2006) . Methionine increases protein interactions with lipids. Cysteine affects protein shape by producing disulfide bonds within and between polypeptides. Sulfur also occurs in taurine (2-aminoethanesulfonic acid), an amino acid-like compound that is absent in proteins but abundant in varying concentrations in animal tissues (Jacobsen & Smith 1968; Whitton 1987) . Taurine primarily inhibits nerve impulses in invertebrates (Jacobsen & Smith 1968) including insects (Hayakawa et al. 1987; Whitton et al. 1988) . Most insects require methionine in their diet, whereas cysteine and taurine can be synthesized from methionine (Jacobsen & Smith 1968; Dadd 1973) . Metabolites of these compounds also contain S (Jacobsen & Smith 1968; Brosnan & Brosnan 2006) . Symbiotes in some insects, such as certain aphids, enable S to be taken up as sulfate (Dadd 1973 ).
Spiders and insects contain different concentrations of S amino acids, including taurine (Ramsay & Houston 2003) . In wolf spiders (Lycosidae), taurine averaged 2.14% of amino acids followed by methionine (1.44%) and cysteine (0.94%). In beetles, methionine averaged 0.82% of amino acids followed by cysteine (0.56%) and taurine (0.08%). Taurine may be more abundant in spiders due to its presence in silk and venom. Droplets secreted by spiders onto their silk contain various concentrations of taurine and similar S compounds (Townley et al. 2006; Tillinghast & Townley 2008) . Taurine is the most-abundant free amino acid in venom of a wandering spider, Cupiennius salei Keyserling (Araneae: Ctenidae), and increases venom toxicity (Kuhn-Nentwig et al. 1994 . All juvenile and adult spiders produce silk, and those except Uloboridae produce venom (Foelix 1996) .
Concentrations of S-containing compounds in spiders and insects may affect development and reproduction of insectivorous birds (Ramsay & Houston 1998 , 2003 . Growth and breeding by northern bobwhites (Colinus virginianus [L.]; Galliformes: Odontophoridae) appear limited by seasonal concentrations of methionine and cysteine in their diet (Peoples et al. 1994) . Blue tits (Parus caeruleus L.; Passeriformes: Paridae) preferentially feed spiders to nestlings, providing them with additional taurine (Arnold et al. 2007 ). Diets of breeding willow flycatchers (Empidonax traillii [Audubon]; Passeriformes: Tyrannidae) contained similar proportions of spiders (7.4%) despite inhabiting different plant communities (Wiesenborn & Heydon 2007) .
I previously measured concentrations of N, another nutrient essential to birds, in spiders and insects collected in desert riparian habitat created for wildlife (Wiesenborn 2011a) , including the willow flycatcher. Here I performed a similar study measuring S concentrations in spiders and insects collected at the same locality. The following questions were examined: (1) Does S mass allometrically increase with body mass? (2) What are the relative contributions of class, order, family, and genus to variation in S concentration? (3) Does S concentration vary among trophic levels in insects? Spiders and insects in each sweeping were sorted under a microscope into groups of similarlooking specimens. Representatives of each group were placed into 70% ethanol for identification. I counted and split the remaining specimens of each arthropod group into samples with an estimated dry mass of 2-50 mg. Arthropod samples for S analysis were cleaned with a small brush and stored in open shell vials.
MATERIALS AND METHODS
Spiders and adult insects except Chrysopidae were identified at least to genus. I assumed nymphal Acrididae to be the same species as adult Melanoplus herbaceus Bruner swept from the same P. sericea plants, the grasshopper's primary host (Strohecker et al. 1968 ). Spiders were not differentiated as juveniles or adults, whereas insects were identified as nymphs or adults. Vouchers of spiders were deposited at the California Academy of Sciences, San Francisco, and vouchers of adult insects were deposited at the Bohart Museum of Entomology, University of California, Davis.
Measuring Sulfur Contents
Arthropod samples analyzed for S content were dried, weighed, and digested. They were dried 4 h at 95 °C and weighed (±1 μg) with a microbalance (C30, Cahn Instruments, Cerritos, California). Dried samples > 2 mg were individually digested in a 23-mL microwave acid-digestion vessel (no. 4781, Parr Instrument, Moline, Illinois). I transferred arthropods into the vessel's inner cup and added 2.5 mL of tracemetal grade nitric acid. Samples with dry mass > 30 mg received 3.0 mL of nitric acid. I placed the vessel into a 700 W microwave oven at full power for 20 sec. After cooling for 30 min, the resulting clear liquid was rinsed from the cup and its cap with water into a beaker. I brought the rinse to 50 mL, or to 60 mL if 3.0 mL of nitric acid was used, with a volumetric flask. Different masses (0.576, 1.240, 1.873, 2.322 mg) of methionine (21.5% S, Acros Organics, Fair Lawn, New Jersey), weighed with the microbalance, and a blank were similarly digested to produce a range of S concentrations (2.5-10 μg/mL) for use as standards.
Sulfur concentrations in digested samples of arthropods were measured against the methionine standards with an Inductively-Coupled Plasma Atomic Emission Spectrometer (Optima 7300 DV, Perkin Elmer, Waltham, Massachusetts) that surveyed light within 180.614-180.730 nm to detect emission from S at 180.669 nm. Light was detected during an automatic read-time (1-5 sec) for each sample and its intensity quantified as the area under the peak. Operating conditions of the spectrometer included radio frequency power = 1.45 kW, outer argon flow = 15 L/min, nebulizer argon flow = 0.6 L/min, and viewing height = 15.0 mm. Arthropods were analyzed in 6 batches of 12-46 samples using the same methionine standards. Linear correlation coefficients between light intensity and calculated S-concentration in methionine standards were > 0.99. Sulfur concentration in the undigested SRM was inflated to an average 13.4 (range 12.9-14.1) μg/mL across batches, indicating that an average 75.8% of S was recovered from the digested methionine standards. Recoveries of S in the arthropod samples were assumed to be the same as in the methionine standards. Adjusted S-concentration was multiplied by final rinse-volume (mL) to calculate S mass (μg). I also calculated %S of arthropod dry-mass in each sample. One sample of the weevil Coniatus splendidulus F. with an exceptionally low S content (0.02%) was omitted.
Relating Sulfur Mass to Body Mass I examined if S mass was allometrically (exponentially) related to body dry-mass in individual spiders and insects. Arthropod mass, and S mass, was divided by the number of specimens in each sample. I selected a subset of samples of the 2 classes (Arachnida and Insecta) with similar ranges of body dry-mass (1-14 mg) to prevent confounding between class and body dry-mass. I regressed (SYSTAT version 12, San Jose, California) log (S μg) against log (body mg), with class included as a categorical variable, and determined if the slopes differed between classes by testing the interaction of class × log (body mg). Following a non-significant (P 0.05) interaction, I regressed log (S μg) against log (body mg) across all samples. Allometry was determined by testing if the regression coefficient b 1 1 (the exponent of body mg in the back-transformed, allometric equation) with an approximate t test (Neter et al. 1996) . For plotting, S mass and body dry-mass were averaged within genera.
Comparing Sulfur Contents Among Taxa and Trophic Levels
Sulfur contents of arthropod samples were compared between classes and among orders, families, and genera. I transformed S concentrations with 2[arcsin(%S /100) 1/2 ]. Transformed %S was compared between spiders and insects with an analysis of variance. I repeated the analysis and determined if classifying arthropods by order instead of class, by family instead of order, and by genus instead of family, explained more variation in transformed %S with the general linear test approach (Neter et al. 1996) . This approach tests if the mean square error in an analysis of variance decreases significantly when the model becomes more complete (with more model df).
Sulfur contents of insects were compared among trophic levels. I classified insects as herbivore, predator, or detritivore with descriptions of primary diet. Descriptions included Essig (1926) for Tettigoniidae, Pentatomidae, Formicidae, and the picture-winged fly Ceroxys latiusculus (Loew) (= Anacampta latiuscula), Cole (1969) for other Diptera, and Borror et al. (1981) for the remaining taxa. Holometabolous insects were classified by larval diet. Herbivores included consumers of pollen, nectar, or homopteran egesta, and predators included parasites. I compared transformed %S among trophic levels with an analysis of variance and between herbivores and predators with a contrast. These comparisons are not independent of those among taxa, because insect taxon and trophic level are confounded. All reported means, and upper and lower bounds of standard deviations, of %S (except in Table 1 ) are backtransformed. 
RESULTS
I collected 34 samples of 56 spiders in 4 families and 9 genera and 100 samples of 341 insects in 6 orders, 22 families, and 23 genera (Table 1) . The most abundant spiders collected were the jumping spiders Habronattus (Araneae: Salticidae), with the adults identified as Habronattus tranquillus (Peckhams). They were found on 5 of the 6 plant-species swept and in the Malaise trap. The most abundant insects collected were C. splendidulus, weevils recently introduced onto T. ramosissima in the U.S. (Eckberg & Foster 2011) . All insects collected were adults except for the leafhopper Opsius stactogalus Fieber, also specific to T. ramosissima, and M. herbaceous. Body drymass of spiders and insects (Fig. 1) ranged from 0.47 mg in the dolichopodid fly Asyndetus to 69.6 mg in the katydid Insara elegans (Scudder).
Trophic levels of insects ( Sulfur mass was linearly related to body drymass in both spiders and insects. Slopes of transformed S-mass regressed against transformed body-mass did not differ (F = 0.21; df = 1, 75; P = 0.65) between the 2 arthropod taxa. When spiders and insects were combined, S mass and body drymass ( Fig. 1) were related (F = 618; df = 1, 132; P < 0.001) by log (S μg) = 0.86 + 1.024[log (body mg)]. Body dry-mass explained 82% of variation in S mass. The b 1 coefficient of 1.024 did not differ from one (t = 0.59; df = 132; P = 0.56), signifying that the relation between S mass and body mass was not allometric. Setting b 1 = 1 and back-transforming the regression equation produced S μg = 7.2(body mg).
Sulfur Contents Among Taxa and Trophic Levels
Variation in S content among arthropods (Table 1) depended upon taxonomic rank. Sulfur concentrations differed between spiders and insects (F = 107; df = 1, 132; P < 0.001), and these 2 taxa, representing different classes, explained 45% of variation in %S (Fig. 2) . Mean S concentrations, as percentages of dry mass, were 1.4% in spiders and 0.65% in insects. Classifying arthropods by order instead of class explained a significant (F = 6.99; df = 5, 127; P < 0.001) proportion of ad- Nymphs.
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Nymphs and adults ditional variation (12%) in S content (Fig. 2) . Within insects, mean S concentrations differed most between Coleoptera (0.35%) and the other 5 orders (0.72%). A significant (F = 1.96; df = 19, 108; P = 0.016) proportion of additional variation (11%) in S concentration also was explained when arthropods were classified by family instead of order (Fig. 2) . This additional variation was partly due to lower mean S concentrations in Dolichopodidae (0.12%) and Syrphidae (0.33%) compared with the other 3 families of Diptera (0.85%). Classifying arthropods by genus instead of family did not explain a significant (F = 1.23; df = 8, 100; P = 0.29) proportion of additional variation (2.6%) in S content. Class, order, family, and genus described 70% of variation in %S. Insect herbivores, predators, and detritivores contained different (F = 5.40; df = 2, 97; P = 0.006) concentrations of S. Trophic level explained 10% of variation in transformed S concentration. Concentrations of S (mean, ± SD) were lower in the 2 detritivores (0.29, 0.13-0.50%) than in herbivores (0.64, 0.37-0.99%) and predators (0.73, 0.48-1.03%). Sulfur contents of herbivores and predators did not differ (t = 1.35; df = 97; P = 0.18). 
DISCUSSION
Sulfur concentrations in Araneae and Coleoptera were approximately twice those predicted from protein and amino acid concentrations (including taurine) measured in wolf spiders and beetles by Ramsay & Houston (2003) . In wolf spiders, mean percentages of methionine, cysteine, and taurine in amino acids multiplied by their S contents (21.5, 26.5, and 25.6%), added and multiplied by mean protein content (60.2% of dry mass), produced an estimated S concentration of 0.67%. Sulfur content in beetles (50.5% protein) was similarly calculated as 0.17%. This discrepancy may be due to the absence of taurine in protein (causing a calculation error), different taxa analyzed, different analytical methods, measurement error, or to S-containing compounds other than the 3 amino acids. Various compounds containing S occur during metabolism of methionine, cysteine, and taurine (Jacobsen & Smith 1968; Brosnan & Brosnan 2006) . One of these, S-adenosylmethionine, is a ubiquitous coenzyme involved in the synthesis of a wide range of biochemicals (Brosnan & Brosnan 2006) .
Lack of an allometric relation between S mass and body mass in spiders and insects suggests S-containing compounds are not dominated by those within the cuticle, such as the protein components methionine and cysteine. An allometric relation between N mass and body mass was detected in arthropods from the same locality (Wiesenborn 2011a). I attributed this allometry to increasing exoskeleton thickness as body mass increased. This further indicates that a substantial portion of S resides in taurine and S amino-acid metabolites, compounds that would not occur in the exoskeleton.
Greater S concentration in spiders agrees with the order's greater taurine content compared with insects. Higher S content appears characteristic of Araneae, similar to silk and venom production, because it was observed across the 4 families and 9 genera analyzed. Less S in Coleoptera compared with other insects corresponds with the low N content detected in the order (Wiesenborn 2011a). Low concentrations of S and N in beetles may be due to the elytra, rigid cuticular structures that likely contain a large proportion of body dry-mass. Exoskeleton rigidity has been associated with the abundance of chitin, a polysaccharide devoid of S that complexes with protein and comprises 20-50% of exoskeleton drymass (Andersen 1979) . High chitin contents in elytra would decrease S and N concentrations in beetles. Spider and insect families appeared to be more variable in S content than in N content. In contrast to %S, concentrations of N did not vary among families more than among orders (Wiesenborn 2011a).
The small sample-size of detritivores prevents concluding that they contain lower S concentrations than insect herbivores or predators. Analysis of only 2 detritivores, the oedemerid Oxacis and syrphid Syritta, resulted from the collection methods of sweeping plants and capturing flying insects. Low S content also was measured in Asyndetus, minute flies in Dolichopodidae that may feed on detritus. Dolichopodid larvae live within soil, beneath bark, or in decaying vegetation (Cole 1969) . Although diets of Asyndetus are unknown, adults and most larvae of the few dolichopodids examined are predaceous (Cole 1969; Robinson & Vockeroth 1983) . Low S contents in Syritta and Asyndetus contributed to the significant variation in %S among arthropod families. Similar S contents between herbivorous and predatory insects suggest the element does not concentrate in higher trophic levels. Greater N content on average in predators compared with herbivores has been detected in a variety of insects (Fagan et al. 2002) but not in riparian spiders and insects (Wiesenborn 2011a) .
Insectivorous birds in desert-riparian habitat foraging in relation to prey S contents would be most likely to discriminate between spiders and insects. Preferentially feeding spiders to nestlings may be difficult, because nesting and spider abundance may be asynchronous. Populations of spiders on S. exigua and P. fremontii planted for habitat generally increased during the growing season and peaked in August (Wiesenborn 2011b) . Birds can utilize S-containing compounds directly or, like insects, produce cysteine from methionine, and taurine from cysteine (Jacobsen & Smith 1968; Ramsay & Houston 2003) . Not all S-containing compounds in arthropods would be available to birds. Methionine and cysteine in sclerotized cuticle, indigestible by birds, would not be utilized. Other sources of these compounds and taurine, along with their metabolites, could be used by birds to meet their own nutrient requirements or those of their offspring.
